I. INTRODUCTION
Semiconductor production processes originally designed for manufacturing integrated circuits can be used to make complex-shaped and well defined electromechanical structures. Even if the technology is based on planar concepts, the combination of etching and lift-off processes allows the design of various three-dimensional structures. These patterned semiconductors can form mechanical resonators and, by metallisation, be coupled to electrical circuits. The single-crystalline material allows for the preparation of surfaces and volumes with a low density of defects, which is essential for high mechanical quality factors. The mechanical oscillation of the resonators is affected by various physical parameters, e.g. mass, friction, tension, and temperature. Detecting these parameters electrically would make accessible a variety of sensor applications. With respect to a high sensitivity, in all cases, a high resonant frequency is beneficial. This requires small geometries which are conveniently provided by modern lithographic techniques. Among future applications of mechanical high-frequency resonators are ultrasensitive sensors for chemical or biological species [1, 2] but also filters and other RF applications [3, 4] that would benefit from the integration of active and passive components on the same chip.
II. RESONATOR STRUCTURE
Mechanical oscillations in semiconductor materials have been demonstrated by several groups, e.g., [5] [6] [7] . Typically, the mechanical resonance is stimulated by periodic energy supply, and the resulting vibration is detected electrically. In this paper, the basic resonator structure is a doubly clamped beam that is actuated mag- netomotively. A Lorentz-force is generated by placing the beam in a permanent magnetic field and applying an RF current to it, as illustrated by Fig. 1 .
Using optical lithography, beams were prepared in various dimensions. They consist of a 50 to 200-nm thick AlN layer, or a 200-nm thick SiC(100) layer, with a 50-nm thick gold metallisation on top. The beams vary in length and width from 10 to 500 µm and 500 nm to 8 µm, respectively. Based on the Euler-Bernoulli theory [5] and recent extensions [8] , the fundamental resonant frequencies f res of the beams can be estimated by ( )
where E is Young's modulus, the mass density, t the thickness and L the length of the beam. The factor c( )
×ε] 1/2 accounts for the effect of tensile or compressive axial strain ( > or < 0) on f res [8] . In addition to the analytical approach, the resonant frequencies were calculated numerically (for = 0) using the commercial finite-element simulation software ANSYS grown by chemical vapour deposition under ultra-high vacuum [9, 10] . A mixture of silane, ethene and hydrogen was used as chemical precursors. The 3C-SiC(100) was grown heteroepitaxially on Si(100) at temperatures below 1000°C. The reduction of the growth temperature lowers the residual strain of the SiC layers, a feature that is important for the processing and the electromechanical performance of the MEMS structures.
The AlN-films were DC-sputtered reactively on Si(111) substrates at 500°C in pure nitrogen atmosphere. Prior to the deposition, an ultrathin atomically flat SiC layer has been prepared by carbonisation by rapid thermal processing [11] .
Electron-beam evaporation has been used to metallise both, the SiC and AlN coated wafers, with a 50 nm Au layer (Fig. 2a) . Afterwards, the resonator structures were patterned by a lift-off process using optical lithography (Fig. 2b) .
The MEMS structures were dry etched ( Fig. 2c and d ) in an electron cyclotron resonance-stimulated plasma. The source operated at 2.45 GHz with a magnetic flux density of 87.5 mT. Two independent gas-inlet-systems were used for the etch process. The first system enabled the plasma gases, Ar and O 2 , to enter the chamber near the plasma source. The second one controlled the flow of the fluorine gases required for the dry etching of the SiC/Si-structures [12] , and of C 2 H 4 and H 2 for the nitride-based resonator beams, respectively. To process the three-dimensional structures, a two-step dry-etch was applied. In the first step, a 8:2:1 mixture of Ar, SF 6 and O 2 was used to etch through the SiC-layer, and further on some microns deep into the silicon substrate, with a pronounced anisotropic behaviour. In the second step, the gas composition was changed to a 1:1:1-mixture of SF 6 , CF 4 , and CHF 3 , to support the underetching. By adjusting the temperature of the substrate, the etch behaviour was varied from anisotropic at a temperature of 18°C to isotropic at higher sample temperatures of 60 to 70°C.
To pattern the AlN-beams, we used a 4:2:1 composition of Ar:C 2 H 4 :H 2 for the first, anisotropic, etch step. The isotropic etching was done in the same way as for the under-etching of the SiC resonator beams. SEM images of the achieved resonator structures are shown in Fig. 3a and b for AlN and SiC, respectively. Freestanding U-shaped SiC-resonators are presented in Fig. 3c . Compared to doubly clamped beams of the same dimension, these structures have lower resonant frequencies, while the electrical output signal is higher because of the much higher mechanical vibration amplitudes. Using the U-shaped resonators, we initially verified the proof-of-principle as well as the mechanical stability of the structures [13] . In the following, we focus on the data obtained for the doubly clamped beams.
IV. MEASUREMENT SETUP As described in Sec. II, the oscillation of the beams is forced by an RF current at several MHz, driven by a primary voltage of the order of Volts. The secondary voltage, induced by the periodic displacement, is much smaller than the primary voltage, of the order of µV. Therefore, it is very difficult to detect as a tiny signal superimposed by the strong excitation signal. To overcome this problem, high magnetic flux densities of the order of several Teslas were used by some groups, or the resonators were cooled to cryogenic temperatures [5] . For two-port arrangements like the one sketched in Fig. 1 , there will be always the problem to separate the secondary voltage from the excitation signal. Different approaches with balanced or bridge circuits have been reported recently [6] .
We propose yet another solution to overcome this problem, namely by separating the excitation signal and the response of the resonator in the time domain. With a period of T 0 = 1 ms, the beam is excited by short voltage pulses of amplitude U D = 300 mV, as sketched in Fig. 4a . The pulse duration t is varied between 1 and 10 µs in order to accommodate an integer multiple of resonant beam oscillations, hence maximising the output signal.
Due to the short duration t of the pulse, the thermal stress of the metallisation layer can be reduced significantly to about one percent, compared to a continuouswave excitation. Fig. 4b shows the equivalent circuit of our measurement setup. For small amplitudes, the motion of the beam can be described by a damped mass-spring system, which is represented in Fig. 4b by its equivalent electrical analogue, a parallel resonant circuit (red coloured), where C m represents the resonator mass, L m its effective spring constant and R m the damping losses. R e is the ohmic resistance of the metallisation layer on top of the resonator beams. A rectifying diode was inserted, to decouple the generator with its 50 source impedance from the characteristic impedances of the resonators, which are of similar magnitude. Fig. 5a shows a photograph of the assembly operated under ambient laboratory conditions. All resonator beams were contacted with coplanar RF probe tips. The magnetic field was provided by permanent magnets with a flux density of about 0.5 T at the location of the beam.
The free decay of the resonator can be monitored with an oscilloscope (Fig. 5b) . The periodic response yields information on the resonant frequency f res and the loaded quality factor Q of the resonator: For T P denoting the period of oscillation of the beam and t 1/2 the time for the decay of the induced voltage to one half of its initial value U S , Q is given by
Whereas the electrical resistance R e of the metallisation layer of the beams can be measured directly, the other parameters parameters are necessary for computer simulation of the system. Typical values for the two materials used are shown in Table 1 . The higher capacitance C m of the SiC resonator corresponds to the higher mass of the beam, the lower inductance L m to its higher spring constant. A higher resistance R m means less mechanical losses, but for Q-factor determination, R m has to be related to the resonant frequency of the beam. 
V. RESONANT FREQUENCIES AND QUALITY FACTORS
The maximum induced voltages reached 120 µV and were obtained for the longest beams, while the response of short beams dropped to as little as 10 µV due to the smaller amplitudes of the mechanical oscillation. The measured f res -values covered the range from 6 to 750 kHz for the AlN beams, and 0.32 to 1.5 MHz for the SiC beams. Fig. 6a compares the dependence of the resonant frequencies (left-hand scale), and the ratio of measured to calculated resonant frequencies, = f res /f sim (right-hand scale), on beam length for both materials. The resonant frequencies of the SiC beams are higher than for AlN beams of identical length, mainly because of the higher beam thickness and the higher Young's modulus. However, the piezoelectric properties of AlN bear the potential for an all-electrical actuation and detection [14] , offering elegant solutions for miniaturised sensor applications without the need for magnetic fields.
We note a linear increase of the (L)-curves. This implies that the resonant frequencies scale like 1/L rather than 1/L 2 as expected for relaxed beams. According to Eq. (1), this behaviour is reminiscent of strained material. Similar conclusions were drawn for resonators made of polycrystalline Si [8] . For a given film thickness, the slope d /dL is a direct measure of the residual strain . Obviously, the AlN beams are much less strained ( +5×10 -5 ) than the SiC beams ( +5×10 -4 ). This difference could be caused by a higher density of defects in the sputtered AlN films compared to the evaporated SiC films, facilitating relaxation of residual strain.
The Q-factors derived from the data are displayed in Fig. 6b ; the values around 200 compare favourably with the results of other groups operating resonators under ambient conditions [7] . Frictional damping by air is the most dominant loss mechanism, leading to decreasing Qvalues for increasing beam length. The SiC beams display clearly higher Q-values than the AlN resonators, which can be associated with by the differences of their material (Young's modulus E) and geometrical (beam thickness t) properties [15, 16] .
VI. CONCLUSION
We have successfully realised free-standing resonator beams of widely varied geometries from heteroepitaxial SiC and AlN films on Si. The resonant properties of the beams actuated under ambient conditions in a static magnetic field were investigated by a pulsed measurement scheme. By this technique, the weak resonant response could be separated from the strong excitation with high accuracy. The quality factors of the resonators, covering frequencies from 50 to 1500 kHz, reached values around 250. The moderate Q-values as well as linear scaling of the resonant frequencies with beam length indicate residual tensile strain and hence the potential for further improvement. The superior elastic and piezoelectric properties of AlN compared to SiC favour, in principle, its application for integrated RF MEMS.
